Odor perception depends on the odorant-evoked changes on Mitral/Tufted cell firing pattern within the olfactory bulb (OB). The OB exhibits a significant "ongoing" or spontaneous activity in the absence of sensory stimulation. We characterized this ongoing activity by simultaneously recording several single neurons in the mitral cell layer (MCL) of anesthetized rats and determined the extent of synchrony and oscillations under nasal and tracheal breathing. We recorded 115 neurons and found no significant differences in the mean firing rates between both breathing conditions. Surprisingly, nearly all single units exhibited a long refractory period averaging 14.4 ms during nasal respiration that was not different under tracheal breathing. We found a small incidence (2% of neurons) of gamma band oscillations and a low incidence (8.1%) of correlated firing between adjacent MCL cells. During nasal respiration, a significant oscillation at the respiratory rate was observed in 12% of cells that disappeared during tracheal breathing. Thus, in the absence of odorants, MCL cells exhibit a long refractory period, probably reflecting the intrinsic OB network properties. Furthermore, in the absence of sensory stimulation, MCL cell discharge does not oscillate in the gamma band and the respiratory cycle can modulate the firing of these cells.
INTRODUCTION
Olfactory perception is the consequence of a combinatorial activation of different glomeruli within the olfactory bulb triggered by the presence of odorants in the nasal epithelia. Olfactory receptor neurons respond to a large variety of odorant molecules with very different chemical structures; these molecules activate different types of olfactory sensory neurons that project to the olfactory bulb, the first stage of sensory processing. Within the OB, olfactory sensory neurons that express the same receptor (Malnic et al., 1999) and have the same molecular receptive properties (Araneda et al., 2000) , synapse with the output MCL cells in only two olfactory glomeruli at each OB (Mombaerts et al., 1996) . Exposure to odorants triggers a distributed activation of the glomeruli population in the OB (Rubin and Katz, 1999) , presumably resulting in a corresponding activity pattern at the MCL cells (Belluscio et al., 2002) . This ability to establish spatially distinct activity patterns by different odorants has been proposed to be instrumental in the mechanism of odor coding in the OB (Rubin and Katz, 1999) .
However, the olfactory epithelium is not passively exposed to odorants. Vertebrates typically breathe at regular intervals and perform behavioral modulations of the air inflow (sniffing) during natural olfactory tasks. It has been shown that the MCL cell firing rate is modulated by respiration in the presence and absence of odorant stimulation (Macrides and Chorover, 1972; Chaput and Holley, 1979; Chaput and Holley, 1980; Pager, 1985; Chaput, 1986; Buonviso et al., 1992; Chaput et al., 1992; Sobel and Tank, 1993; Ogawa, 1998) . It has been proposed that the origin of this modulation relates to the action of centrifugal pathways on the OB (Davis and Macrides, 1981; Zheng et al., 1987) , but the mechanical activation of olfactory sensory cells by the airflow during respiration cannot be completely ruled out. However, it has been postulated that this modulation is solely the result of ambiance odorant stimulation of the olfactory epithelia (Sobel and Tank, 1993) . Nevertheless, this respiratory modulation of neuronal firing is present during odorant sampling and may play a role in odorant coding, as is evident in the characteristic sniffing behavior these animals display during odorant discrimination (Kay and Laurent, 1999) .
In vertebrates, most of the characterization of OB neuronal activity has been obtained through the study of MCL cells using single unit recordings, while there is limited information about the activity of the population of neurons recorded simultaneously (but see Buonviso and Chaput, 1990; Kashiwadani et al., 1999) . Studies in insects have shown that temporal patterns of activity contribute to the mechanisms underlying olfactory stimulus coding (Laurent et al., 1996) as has been proposed for other sensory systems (Singer, 1999; Gray, 1999) . In mammals, however, there are only a few studies that have analyzed the temporal properties of neuronal assemblies of MCL neurons (Buonviso et al., 1996; Kashiwadani et al., 1999) . Whatever the coding mechanism underlying olfactory perception, it is superimposed on the ongoing neuronal dynamics.
In this study, we compared the temporal properties of the OB ongoing activity by simultaneously recording groups of single units in the MCL of anesthetized SpragueDawley rats under nasal and tracheal breathing. Our aim was to characterize, in the absence of odorants, the spike train patterns as well as oscillations and synchrony of groups of adjacent cells in the OB which likely innervate the same or adjacent glomeruli, and thus presumably share similar receptive field properties.
EXPERIMENTAL PROCEDURES
Animals and surgical preparation: Surgical and experimental techniques were performed in accordance with institutional guidelines and National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23, revised 1996) . Male and female SpragueDawley rats weighting 300 to 450 g were anesthetized with an intraperitoneal injection of ketamine (70 mg/kg), acepromazine (7.2 mg/kg) and atropine (0.01 mg/kg) and supplemented as necessary during the experiment with ketamine (70 mg/kg), or thiopental (50 mg/ kg) IP. We maintained a level of anesthesia in which the nociceptive paw reflex remained completely abolished at all times. We performed small section of the trachea under anesthesia and inserted a y-shaped tube. This tube enabled us to direct the respiratory airflow either through the normal airways (nasal) by occluding the tracheal opening, or directed through the open tube that had low airflow resistance. In the latter case, no measured airflow could be detected through the nasal opening. Body temperature was maintained at 37°C degrees with a heating pad. Temperature and electrocardiogram activity was monitored throughout the experiment. The animals were positioned in a stereotaxic apparatus and a craniotomy was performed to expose the dorsal surface of the olfactory bulb. After the experiments, the animals were euthanized with a barbiturate overdose and some of the animals were perfused for histological procedures.
Recording Techniques: Multi-unit activity signals were obtained with customfabricated nichrome tetrodes whose impedance was 1 to 2 MOhms measured at 1 KHz. These electrodes can record neurons from a volume with a radius of 65 µM (Gray et al., 1995) . The multi-unit signals were amplified (10K), bandpass filtered (0.1KHz-5KHz), and digitized (25 KHz/ channel) using PC custom-designed software. For each of the different data sets, spike separation was achieved by an interactive custom computer program (Gray et al., 1995; Maldonado and Gray, 1996) . In this program, selected spike parameters for any two of the four recording channels of the tetrode are displayed in two dimensional scatter plots, revealing a clustering of values. Ellipses are drawn around distinctively clustered data points and the values corresponding to each cluster are assigned a unique color. The clusters can then be iteratively followed and redefined in as many projections as needed to uniquely define a particular single unit. Once a unique cluster is defined, the spike train of each cell was computed by recovering the time stamp of each data point in the cluster. The extracted spike train for each cell was stored with a 1.0 ms resolution. At each site we recorded the neuronal activity for up to 200 sec in 10-sec duration trials.
Stimulation:
Because the experiments were designed to compare the ongoing activity during nasal and tracheal breathing, a constant flow of clean humidified artificial air was directed over the rat's nose and no odorant stimuli were used.
Anatomy: After the recording session, a lesion was made at some selected sites by applying a DC current (10 µA for 10 sec) between one of the tetrode's wire and ground. The animal was then overdosed with thiopental (150 mg/kg) and then perfused with room temperature saline solution followed by 4% paraformaldehyde in PB. Once the animal was fixed, the brain was removed and stored in 4% paraformaldehyde at 4°C. Prior to sectioning, the brain was submerged in 30% sacarose, sliced (30 µm) with a cryostat and stained with cresyl violet.
Data analysis: Auto-correlation, crosscorrelation and inter-spike interval histograms (ISI) were computed using MATLAB and LabWindows software. To quantify neuronal rhythmicity, we calculated the power spectrum of each autocorrelogram (ACH) (± 128 ms) and extracted the frequency and amplitude of the peak value in the frequency range of 20-100 Hz. The statistical significance of the spectral peaks was estimated using a Monte Carlo simulation. For this procedure, we generated an equivalent pseudo random spike train for each window of data collected on each trial using a random sample from a uniform distribution and a refractory period similar to that obtained for the test ACH (Friedman-Hill et al., 2000) . The ACH and corresponding power spectrum were computed for each simulated data set and the peak value in the spectrum between 20-100 Hz was extracted. The simulation was repeated 500 times and any experimental value was considered significant if it was greater than the 99% of simulated value (cutoff value).
To quantify neuronal synchrony in each cross-correlogram (CCH), we compared the central area in each correlogram to a computed equivalent pseudo random spike trains CCH with identical spike count, mean firing rate and duration, to the experimental data. As with the autocorrelation analysis, both simulations were repeated 500 times for each histogram. See details in (Maldonado et al., 2000) . Significant correlograms were CCH with central peaks above 99% of those seen for simulated data. The refractory period was calculated directly from the ACHs and was defined as the time between the center of the autocorrelogram and the time to reach half amplitude of the second peak of the autocorrelogram. Statistical significance of differences between means was estimated using the paired t-test.
RESULTS
We recorded 115 neurons from 51 sites in 10 rats, ranging from 1 to 6 cells per site and an average of 3 cells per site. The recordings were made in the dorsal and ventral layers of the anterior 2/3 of the OB. Tetrode penetrations were achieved with a micro manipulator, and the MCL was located by its large-amplitude extracellular activity. An example of a recording in the MCL is shown in Figure 1A . Extracellularly-recorded action potentials of neurons located near the tip of the electrode display different amplitudes depending on their spatial distribution with respect to the four wires of the tetrode. There is a clear difference in amplitude in the spikes recorded with each wire. Fifty overlapping waveforms (1.6 ms in duration) for each of 6 identified single units recorded on each channel (I, II, III and IV) of the same recording are shown in Figure 1B . The properties of the spike waveforms were used to sort all single units from each tetrode recording as described previously (Gray et al., 1995) . To confirm the actual recording site in the OB we performed an electrolytic lesion in 3 animals and the site was located after histological staining. All the sites recovered showed the lesion to be located at or around the MCL (data not shown).
Because normal breathing and sniffing has been shown to modulate firing in MCL neurons, we compared the mean firing rate for all cells under nasal and tracheal breathing. The histogram of the mean firing rate for all 115 cells recorded under nasal and tracheal breathing is shown in Figure 2 . The average mean firing rate for nasal breathing was 10.3 ± 6.9 Hz (mean ± SD) and during tracheal breathing was 10.1 ± 6.5 Hz (mean ± SD). We found no statistically significant difference between the means (t-test). Furthermore, even though the distribution of mean firing rate for tracheal breathing was less uniform than the one obtained during nasal breathing, this difference was not statistically significant (Kolmogorov-Smirnov test) Because the respiratory cycle does not modify the mean firing rates of MCL neurons, we looked for subtler modulations of the temporal patterns of activity between nasal and tracheal breathing. We calculated short lag (128 ms) autocorrelograms (ACHs) for all the cells under nasal and tracheal conditions. Figure 3 shows an example of an ACH for 4 cells recorded simultaneously under nasal and tracheal breathing. We examined the 115 ACHs and concluded that most of the neurons recorded had an evident and characteristic long silent period around the central spike, which we refer to hereafter as the "refractory period," with a duration ranging from 5 to 25 ms. An example of this refractory period in 4 different cells recorded simultaneously by the same tetrode is shown in Figure 3 . This long refractory period was also present in the interspike interval histograms. An example of the ISI histogram for the same 4 simultaneously recorded cells shown in figure 3 is shown in Figure 4 . There is a clear silent period in all 4 cells Hz and 10.1 ± 6.5 Hz for nasal and tracheal breathing respectively. A paired t-test showed no significant difference between means obtained in the two breathing conditions. A Kolmogorov-Smirnoff test shows no significant difference between firing rate distributions. similar to the one obtained from the ACHs. We found that spike trains with little or no refractory period were uncommon, and more distinctly, an indication of recordings where an unequivocal single unit isolation was not feasible. Therefore, the data with a short o no refractory period were not included in the analysis.
Additionally, we compared the distributions of refractory periods for nasal and tracheal breathing conditions (Fig. 5) .
Most cells have a rather long refractory period, with only 19 and 18 cells of the 115 neurons having periods of less than 10 ms during nasal and tracheal breathing respectively. The mean duration of the refractory period was 14.4 ± 5.2 ms (mean ± SD) during nasal breathing; this duration was not significantly different under tracheal breathing conditions (14.9 ± 5.2 ms, mean ± SD).
Previous reports have emphasized the importance of oscillatory activity in the OB, primarily in the gamma band, and its role in olfactory coding (Gray and Skinner, 1988; Laurent, 1999) . In order to estimate the extent of oscillatory ongoing activity in MCL neurons, we examined From the ACH we calculated the refractory period as the time between the center of the ACH and the time to reach half amplitude of the secondary peak. These cells located in close proximity show different refractory periods. The oscillatory activity was assessed by computing the power spectrum of the ACH and then comparing the peak amplitude with peak distribution of power spectrum of simulated spikes trains with similar statistics. None of the cells shown in this figure have a significant oscillatory firing. Neither the refractory period nor the oscillatory behavior changed when airflow was switched from nasal to tracheal breathing. Figure 3 . These distributions are consistent with the refractory period obtained with the ACHs. In these plots, a noticeable difference in peak timing can be observed. Figure 5 . The distributions of refractory periods of MCL neurons is similar during nasal (A) and tracheal (B) breathing (n = 115). The mean refractory periods were 14.4 ± 5.2 ms and 14.9 ± 5.2 ms, for nasal and tracheal breathing respectively. A paired t-test of the data found no significant difference between the means corresponding to the two breathing conditions. the gamma frequency range (35-100 Hz, 28-10 ms period) oscillation of the single unit activity by computing the power spectrum of each cell ACHs during nasal and tracheal breathing. We found that only 2 out of 115 auto-correlograms showed a significant oscillatory activity during nasal breathing and only one of these cells remained oscillatory during tracheal breathing. Furthermore, a more careful examination of the ACHs revealed that most of the power arises from the presence of a secondary peak after the refractory period, which we take as evidence of spike bursting (see Fig. 3 ). In summary, we found little evidence of rhythmic firing in the single unit activity in the absence of odorant stimulation either during nasal or tracheal breathing.
There is evidence that the respiratory cycle induces a temporal pattern of discharge in the MCL cells (Macrides and Chorover, 1972; Chaput and Holley, 1979; Chaput and Holley, 1980; Pager, 1985; Chaput, 1986; Buonviso et al., 1992; Sobel and Tank, 1993; Chaput et al., 1992; Sobel and Tank, 1993; Ogawa, 1998) and that this modulation can be present even in the absence of airflow through the nasal route . In order to examine the incidence of respiratory modulation we computed a longer time lag ACHs (2 s) of the MCL cells for the nasal and tracheal breathing conditions. We found that 12 out of 115 cells exhibited clear oscillatory behavior in the firing pattern whose oscillation frequency was in the respiratory range (1-5 Hz) during nasal breathing and that this oscillation completely disappeared after the switch to tracheal breathing (Fig. 6) . However, when we compared the modulation induced by respiration in different cells recorded simultaneously in the same recording site, we found that some but not all cells exhibited this respiratory modulation during nasal respiration. The example in Figure 6 shows the ACHs for 3 cells recorded simultaneously in the same site under nasal and tracheal breathing. During nasal respiration there is a noticeable modulation in cells 1 and 2, but not in cell 3. However, this modulation disappears in all cells during tracheal breathing.
To determine the incidence of the correlated discharge of adjacent MCL cells in the absence of odorant stimulation we computed the cross-correlograms (CCHs) for 247 cell pairs recorded under nasal and tracheal conditions. An example of CCHs for 3 cell pairs is shown in Figure 7 where there is a significant correlation only in pair 1. In summary, we found that 20 (8.1 % nasal) and 11 (4.4 % tracheal) cell pairs showed significant cross-correlograms. The difference in correlation between nasal and tracheal breathing appears to be independent of the respiratory condition because of the 20 cell pairs that showed significant correlation during nasal breathing only 5 pairs were also significantly correlated after switching to tracheal breathing. Furthermore, the incidence and magnitude of the correlation was not significantly different between nasal and tracheal breathing.
DISCUSSION
This work takes advantage of the properties of the tetrode that enable the reliable simultaneous recording of single units located in a volume of tissue with an approximate 65 µm radius. Using this technique, we were able to characterize the ongoing activity of well-isolated adjacent neurons in the OB and determine the incidence of correlated firing between neighboring cells in the MCL. We typically recorded extracellular activity only in a small layer of approximately 100-150 µm scale. An example of 3 cell pairs recorded simultaneously for the same tetrode is shown. Of these cell pairs, only pair 1 reached a significant level of correlation. We computed the cross-correlogram for 247 cell pairs and we found that 20 (nasal) and 11 (tracheal) cell pairs showed significant CCHs. The significance level was assessed using a Montecarlo simulation of a Poisson distributed spike train of cells with the same number of spikes (see text for details). located around 400 µm deep corresponding to the dorsal MCL and again in much deeper penetration corresponding to the ventral MCL. This recording pattern agrees with previous work describing the difficulties of recording extracellular single units from the granule cell layer due to the small size and high density of cells in this layer (Kay and Laurent, 1999) . We also noted a considerable increment in the oscillations of the local field potential as the electrode enters the granule cell layer (data not shown). Further confirmation of the recording sites came from the histological analysis of lesions performed in the MCL after the recordings.
Previous reports of respiratory modulation of neuronal activity in the OB, led us to expect we would find a difference in the firing rates between the two breathing conditions. We found no significant difference in the mean firing rates between these two conditions, indicating that the respiratory cycle does not modify the overall firing rate of the MCL cells. However, with ACH analysis using long time lags we found that many cells are indeed modulated by the respiratory cycle, not through modifications in the average firing rate, but by introducing a distinctive temporal modulation that includes an oscillatory pattern of discharge that follows the respiratory cycle. Our results agree with previous studies that demonstrated a significant modulation of firing rate in naturally-or artificially-breathing animals (Onoda and Mori, 1980; Pager, 1985; Ravel et al., 1987; Ravel and Pager, 1990 Sobel and Tank, 1993) , but differ from others in that we found no cells that maintain respiratory modulation while the airflow was diverted through the tracheal tube . Different explanations have been given to the respiratory modulation of the OB firing: a peripheral origin based on the mechanical stimulation of the epithelia by the nasal airflow through the nasal cavity, a central origin through the centrifugal connections to the OB and an ambience odorant stimulation of the olfactory epithelia. Our results are consistent with the mechanical or ambience stimulation of the epithelia because the modulation disappears when the airflow is directed through the trachea, despite the fact that the centrifugal connections are intact. Furthermore, we argue that our results could not be the effect of ambience odorant stimulation of the epithelia as clean air was constantly blown over the rat's nose.
A significant amount of work has suggested that the OB oscillatory activity participates in the process of olfactory coding and discrimination (Adrian, 1950; Bressler, 1987; Gray and Skinner, 1988) . This oscillatory activity has been primarily observed in EEG and LFP signals and is typically triggered by odorant exposure (Adrian, 1950 , Bressler, 1987 , Buonviso et al., 2003 . However, oscillatory activity in the gamma band has been observed in the absence of odorant stimulation (Martin et al., 2004) . We examined the possibility of an oscillatory discharge of MCL cells in the gamma band (35-100 Hz) and compared its incidence under nasal and tracheal breathing. We found very few significant auto-correlograms in either condition, indicating that there was no oscillatory behavior of the MCL cells under nasal or tracheal breathing in the absence of odorants. However we also have indications that the local field potential signals recorded with the same tetrodes do show a clear gamma band power (Egaña et al., 2002) indicating that the spontaneous discharge does not follow the LFP oscillations in this range. An alternative possibility is that these cells do fire in synchrony with a background LFP (Kashiwadani et al., 1999) , but they do so intermittently with low probability, as has been described in the insect antennal lobe (Laurent, 1997; Friedrich and Laurent, 2001) . In any event, the relationship between the MCL neurons to the LFP oscillatory activity needs to be further examined.
One of the most interesting features of the ongoing activity of MCL cells under both nasal and tracheal breathing was the conspicuous presence of a long refractory period recorded in almost all of the neurons. The computed inter-spike interval histograms confirm this long refractory period. The time inverse of the refractory period is approximately 70 Hz, which is very close to the LFP oscillation frequencies reported in MCL and granule cell layer (Bressler, 1987; Egaña et al., 2002; Buonviso et al., 2003; Neville and Haberly, 2003 ), yet we found that the single unit discharge from MCL cells did not oscillate. One way to reconcile these observations involves the possibility that neuronal activity is locked to the background oscillation, as recent evidence shows (Kashiwadani et al., 1999; Egaña et al., 2002) , but fire only one or two action potentials before being strongly inhibited. To our knowledge, this extended refractory period appears to be unique to MCL neurons and is not found in cortex or thalamic structures, even when these cells clearly oscillate in the gamma band frequency. We found no previous reports of this temporal feature of MCL cells in the mammalian olfactory bulb. However, in the moth's antennal lobe discharge patterns of neurons, only one out of the three cell types described showed a similar long refractory period; the other two exhibited a much shorter refractory period (Christensen et al., 2000) . The most likely explanation for this discrepancy is that it could be due to differences in the firing properties among species, or much less likely, to the spike sorting methods.
This long refractory period is probably the result of the reciprocal synaptic connectivity between the MCL cells and the granule cells in the OB. The activation of the reciprocal synapse is temporally consistent with an average 14.4 ms delay and could at least in part contribute to an oscillatory activity in the gamma range (40 to 100 Hz). However, reports have shown that there are subthreshold oscillations in the voltage membrane of mitral cells which vary with the MCL cell depolarization ranging from 100 ms at -65 mV to 25 ms at -59 mV in a slice preparation These intrinsic oscillations could also give rise to the gamma oscillations recorded in the LFP and EEG (Desmaisons et al., 1999) . However, the maximum frequency of oscillations obtained in the slice preparation was 40 Hz, and in the whole animal this could reach 70 Hz (Buonviso et al., 2003; Neville and Haberly, 2003) . Further studies need to be done to determine the mechanisms involved in this refractory period and whether this is the result of reciprocal network dynamics, the intrinsic properties of OB neurons, or both.
The glomerulus, and all the olfactory receptor neurons and MCL cells that converge and synapse within it, has been proposed as a functional unit in the OB. Consistent with this hypothesis, the activity evoked by odorants has been found to be correlated in cells that are close together and possibly connected to the same glomerulus, compared with the ones that are located farther away (Buonviso and Chaput, 1990; Buonviso et al., 1992) . Our results of cross correlation analysis of MCL cells indicate that there is little or no synchronous activity during nasal or tracheal breathing in the absence of odorant stimulation. These results are consistent with previous studies done in rabbit and fish showing that nearby cells exhibit synchronous activity only in the presence of odorants (Nikonov et al., 2002) and that in the absence of odorant stimulation, a very small percentage of cells exhibit synchronized firing in the millisecond time scale (Kashiwadani et al., 1999) .
Taken together, our results demonstrate that the dynamics of firing of MCL neurons in the OB of rats freely breathing through the nose or a tracheal tube are similar in the absence of odorants, differing only in a slow modulation of the frequency of firing produced by the air flow through the nasal cavities during natural respiration. We have also shown that MCL neurons exhibit unusual firing properties characterized by a long refractory period that is compatible with the oscillations described in the LFP, which presumably arise from the OB local intrinsic or network interactions.
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